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ABSTRACT
The supernova remnant (SNR) N49B in the Large Magellanic Cloud is a peculiar example of a core-
collapse SNR to show the shocked metal-rich ejecta enriched only in Mg without evidence for a
similar overabundance in O and Ne. Based on archival Chandra data we present results from our
extensive spatially-resolved spectral analysis of N49B. We find that the Mg-rich ejecta gas extends
from the central regions of the SNR out to the southeastern outermost boundary of the SNR. This
elongated feature shows an overabundance for Mg similar to that of the main ejecta region at the
SNR center, and its electron temperature appears to be higher than the central main ejecta gas. We
estimate that the Mg mass in this southeastern elongated ejecta feature is ∼10% of the total Mg ejecta
mass. Our estimated lower limit of >0.1 M⊙ on the total mass of the Mg-rich ejecta confirms the
previously-suggested large mass for the progenitor star (M
∼
> 25 M⊙). We entertain scenarios of an
SNR expanding into a non-uniform medium and an energetic jet-driven supernova in an attempt to
interpret these results. However, with the current results, the origins of the extended Mg-rich ejecta
and the Mg-only-rich nature of the overall metal-rich ejecta in this SNR remain elusive.
Keywords: ISM: supernova remnants — ISM: individual objects (N49B) — X-rays: ISM
1. INTRODUCTION
N49B is an X-ray-bright supernova remnant (SNR) in
the Large Magellanic Cloud (LMC). The presence of a
nearby H II region (Chu & Kennicutt 1988) and a molec-
ular cloud (Cohen et al. 1988) suggested a core-collapse
supernova (SN) explosion of a massive star for the origin
of N49B. The shock expansion in an interstellar cavity
was suggested by the ASCA data (Hughes et al. 1998),
which was supportive of its massive progenitor star.
Based on Chandra data we detected a large variation
in the surface brightness of the swept-up interstellar
medium (ISM), which indicates that the SNR is ex-
panding into an ambient medium with an order of mag-
nitude density variation along the outer boundary of
the SNR, generally consistent with the shock interac-
tion with nearby molecular clouds (Park et al. 2003b,
P03 hereafter). The Chandra data allowed us to detect
the shocked metal-rich ejecta in N49B for the first time
(P03). The detected metal-rich ejecta gas is enriched
only in Mg, and the estimated large mass for the Mg-rich
ejecta gas firmly established a very massive progenitor,
and thus a core-collapse origin for N49B (P03). The pu-
tative compact stellar remnant has not been detected,
and a 3σ upper limit on the central source luminosity
(L0.5−5keV < 2 × 10
33 erg s−1) was placed based on the
Chandra data (P03).
It is notable that only two SNRs, including N49B,
(out of ∼500 SNRs detected in the Galaxy and Magel-
lanic Clouds) show this characteristic Mg-overabundance
(while no other metal elements are similarly enhanced):
the Galactic SNR G284.3–1.8 is the other member of this
peculiar group (Williams et al. 2015). The true nature
and origin of the only-Mg-rich ejecta in these SNRs are
unclear. It might have resulted from a peculiar core-
collapse nucleosynthesis, or a particular thermal con-
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dition in the ejecta gas might be responsible for the
observed Mg line enhancement. If the observed Mg-
rich nature (without enhancements in O and Ne) repre-
sents the true metal abundance structure in these SNRs,
it may challenge the standard core-collapse nucleosyn-
thesis models in which an invariably larger amount of
O and Ne (than Mg) is expected to be created (e.g.,
Thielemann et al. 1996; Nomoto et al. 2006). N49B is
particularly important to study this rare group of SNRs
because it appears that the bulk of the shocked Mg-rich
ejecta gas has been detected (whereas the Mg-rich ejecta
in G284.3–1.8 is detected in a small part of the SNR).
The detection of the entire Mg-rich ejecta in N49B al-
lows us a unique opportunity to study the overall nature
of the ejecta, such as the total shocked ejecta mass and
its spatial structure, in this peculiar SNR.
We here report the presence of an emission feature in
N49B, extending from the central ejecta regions out to
the southeastern outer boundary of the SNR. This elon-
gated region is enriched only in Mg just like the bulk
of the metal-rich ejecta gas in the central region of the
SNR. This extended Mg-rich emission feature was hinted
at by the Mg line equivalent width (EW) image in the
previous Chandra data analysis (P03), but was not dis-
cussed in P03. In this work we focus on the spectral and
morphological properties of this particular feature. We
present the data and data analysis in Sections 2 & 3,
respectively. In Section 4 we discuss the nature of the
elongated Mg-rich ejecta.
2. DATA
N49B was observed with the S3 chip of the Advanced
CCD Imaging Spectrometer (ACIS) on board Chan-
dra on 2001 September 15 as part of the Guaranteed
Time Observation program (P03). We reprocessed these
archival Chandra data (ObsID 1041) of N49B (using
CIAO version 4.2 with CALDB version 4.3.0). We pro-
cessed the raw event file following the standard data re-
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duction methods which include the correction for the
charge transfer inefficiency. We applied the standard
data screening by event status and grade (ASCA grades
02346). As noted by P03 the overall light curve from
the entire S3 chip shows a moderately enhanced particle
background (by a factor of ∼2 above the average quies-
cent count rate) for the last ∼10% of the exposure. We
excluded this part of the data (∼4-ks time interval) from
our analysis. After the data reduction the total effective
exposure is ∼30.2 ks.
3. ANALYSIS & RESULTS
3.1. Mg Enhancement in Southeastern Region
The broadband ACIS image of N49B shows a nearly
circular overall morphology with several relatively bright
filaments located mostly around the outer boundary of
the SNR (Figure 1a). The central regions of N49B, in
which X-ray emission is dominated by the shocked Mg-
rich ejecta (P03), are generally faint and diffuse with-
out showing any well-organized emission feature (cor-
responding to the Mg-enhanced regions). The Mg-rich
ejecta gas was identified aided by a Mg Kα line (at E ∼
1.35 keV) EW image (P03). In Figure 1b we reproduce
the Mg line EW image of N49B as was presented in P03.
To create Figure 1b we followed the same methods used
by P03 (and references therein). We used the same pho-
ton energy bands for the Mg Kα line (E = 1280 – 1440
eV), and for the adjacent continuum (E = 1140 – 1240
and 1550 – 1700 eV, to estimate the underlying contin-
uum flux) as those selected by P03. While the bright Mg
line EW in the central region of the SNR is evident, the
enhanced Mg line clearly extends to the southeast (region
E in Figure 1b). This enhanced line EW feature is elon-
gated (∼20′′ in thickness and ∼65′′ in length), extending
from the central Mg-rich ejecta region out to the out-
ermost southeastern boundary of the SNR. This feature
was hinted at in Figure 2 of P03 (although it appeared
to be less clear than that in Figure 1b, probably due to a
different smoothing method adopted by P03), but it was
not discussed by P03 as they focused on the detection of
the central Mg-rich ejecta.
To quantitatively assess the apparently Mg-enhanced
nature of this region we extracted the observed X-ray
spectrum from region E (as shown in Figure 1). The X-
ray emission in this region contains ∼7300 counts in the
0.4 – 5 keV band. We binned the extracted spectrum
to contain at least 20 counts per photon energy channel.
We fit this spectrum with a non-equilibrium ionization
(NEI) plane shock model (vpshock in XSPEC, Borkowski
et al. 2001). We used NEI version 2.0 in XSPEC, as-
sociated with ATOMDB (Foster et al. 2012) which in-
cludes inner-shell lines (from Li-like ions) and updated
Fe-L shell transition lines (see Badenes et al. 2006). We
note that the plane shock model used by P03 did not
include these additional X-ray lines which could affect
the estimates of the thermal parameters (and thus ele-
mental abundances) for an under-ionized gas. In these
spectral model fits we assumed two components for the
foreground absorbing column: one for the Galactic ab-
sorption toward the LMC (NH,Gal) and the other for
the LMC column (NH,LMC). We fixed NH,Gal at 6 ×
1020 cm−2 (Dickey & Lockman 1990) with solar abun-
dances (Anders & Grevesse 1989). We fitted NH,LMC
assuming the LMC abundances (Russell & Dopita 1992;
Schenck et al. 2016).
For the plane shock component we initially fixed all
elemental abundances at the LMC values: i.e., He =
0.89, C = 0.303, N = 0.123, Ar = 0.537, Ca = 0.339,
Ni = 0.618 (Russell & Dopita 1992), and O = 0.13, Ne
= 0.20, Mg = 0.20, Si = 0.28, S = 0.31, Fe = 0.15
(Schenck et al. 2016). Abundances are with respect to
solar values (Anders & Grevesse 1989), hereafter. We
fixed the redshift parameter at z = 9.54 × 10−4 for the
radial velocity of the LMC (Meaburn et al. 1995). The
electron temperature (kT , where k is the Boltzmann con-
stant) and ionization timescale (τ = net, where ne is the
electron density and t is the time since the gas has been
shocked) are varied. The normalization parameter (a
scaled volume emission measure, EM = nenHV , where
nH is the H density and V is the emission volume) is also
varied. The fit is statistically unacceptable (χ2ν ∼ 2.4)
due to large residuals around the Mg K line feature (E
∼ 1.35 keV). Also, there is significant excess emission at
E
∼
> 2 keV above the best-fit model (kT ∼ 0.6 keV). The
observed X-ray spectrum in this high energy tail shows
negligible (or very weak) K-shell line emission features
from S (E ∼ 2.4 – 2.6 keV), Ar (E ∼ 3.1 – 3.3 keV), and
Ca (E ∼ 3.9 – 4.1 keV).
Varying the Mg abundance significantly improves
the fit (χ2ν ∼ 1.4), and the best-fit Mg abundance
is ∼0.52, higher than the LMC value by a factor of
∼2.6, suggesting the presence of overabundant Mg.
When we additionally varied abundances for O, Ne,
Si, and Fe (whose K- and/or L-shell transition lines
are prominent in our fitted 0.4 – 5.0 keV band), the
statistical improvement of the model fit is not significant
(χ2ν ∼ 1.3). The best-fit Mg abundance does not change
(Mg = 0.52), while all other fitted abundances are
consistent with the LMC values within uncertainties.
It is notable that, even with varying abundances, the
significant excess emission at E
∼
> 2 keV is evident for
the best-fit electron temperature kT ∼ 0.6 keV. Thus,
although the best-fit one-temperature model may be
considered to be statistically acceptable (χ2ν ∼ 1.3 –
1.4), we added another NEI plane shock component in
our spectral model to properly fit the excess emission at
E > 2 keV. For the two-component model fit we initially
fixed all metal abundances at the LMC values for both
components, while varying other model parameters. The
fit is statistically unacceptable (χ2ν ∼ 2.0). It is clear
that the best-fit model underestimates the strong Mg
line at E ∼ 1.35 keV. All other emission line features
are adequately fitted. The bulk of X-ray emission
at E
∼
< 1 keV is fitted by the K lines from H- and
He-like O and Ne ions (and some L-shell transition lines
from Fe ions) with the LMC-like abundances. Thus,
we fixed all metal abundances at the LMC values for
the soft component assuming that this component is
dominated by the emission from the shocked LMC
ISM. We consider the hard component spectrum to
originate primarily from the shocked Mg-rich ejecta,
and thus varied the Mg abundance (with all other
elements being fixed at the LMC abundances) for the
hard component. The model fit significantly improves
(χ2ν ∼ 1.0). The best-fit Mg abundance for the hard
component (kThard ∼ 1.55 keV) is 0.93. These results
N49B 3
are summarized in Table 1. The observed spectrum of
region E (with this best-fit two-component plane shock
model overlaid) is shown in Figure 2. In these spectral
model fits of the region E spectrum we assumed the
recent measurements of the LMC abundances for O,
Ne, Mg, Si, and Fe (except for the Mg abundance in
the ejecta component spectrum) based on the Chandra
data of the LMC SNRs (Schenck et al. 2016), while
we adopted LMC abundance values by Russell &
Dopita (1992) for other elements. We note that, for
the LMC abundances, several measurements are avail-
able in the literature (e.g., Russell & Dopita 1992;
Hughes et al. 1998; Davies et al. 2015;
Maggi et al. 2016; Schenck et al. 2016). There are
some inconsistencies (up to by a factor of ∼2) among
those abundance measurements, whose origins are not
fully understood: e.g., the cross-calibrations over differ-
ent wavelengths and instruments, the use of different
objects (stars, SNRs, HII regions), the model depen-
dence of measurements, etc. We find no considerable
effects on our spectral model fits depending on the
choice of a specific LMC abundance set. The fitted
parameters are consistent within statistical uncertainties
with equally-good fits: e.g., assuming the higher (and
more traditional) values of the LMC abundances (O =
0.26, Ne = 0.33, Si = 0.31, Mg = 0.32 and Fe = 0.36)
measured by Russell & Dopita (1992), we find that
the Mg abundance for the hard (ejecta) component is
1.12+0.12
−0.11 with a nearly the same electron temperature
(kT ∼ 1.54 keV), ionization timescale (τ ∼ 0.7 × 1011
cm−3 s), and the volume emission measure (∼0.5 × 1058
cm−3) as listed in Table 1. For all other regional spectral
analysis as presented in Section 3.2, we fit the ISM
abundances for O, Ne, Mg, Si, and Fe in our spectral
model fits, while fixing other elemental abundances at
values by Russell & Dopita (1992).
When we varied abundances for O, Ne, Si, and Fe (as
well as Mg) in the hard component plane shock model fit,
the statistical goodness-of-the-fit is nearly the same (χ2ν
∼ 1.0) with similar main results: i.e., Mg is overabun-
dant (∼1.5) with a high electron temperature (kT ∼ 4
keV). The Ne abundance appears to be elevated (∼0.7)
with a negligible Fe abundance (<0.04). These Ne and Fe
abundances are somewhat different than those presented
in Table 1, and are potentially interesting to reveal the
true nature of the ejecta composition and the SN nucle-
osynthesis of this SNR. However, the statistical improve-
ment of this model fit is negligible, compared to that with
the LMC abundances for those elements. Nonetheless,
these (possibly non-LMC like) Ne and Fe abundances do
not affect our conclusions on the Mg-rich ejecta in region
E. Finally, we considered a power law (PL) spectrum to
fit the high energy tail of the region E spectrum. The
model fit (plane shock + PL) is statistically good (χ2ν
∼ 0.9). The Mg overabundance is evident (∼0.92) with
LMC-like abundances for all other fitted elements, but
a low temperature (kT ∼ 0.34 keV) is implied for the
Mg-rich ejecta gas. The best-fit PL photon index (Γ
∼ 2.4) is consistent with that for the synchrotron radia-
tion from relativistically-accelerated shocked electrons in
the shell-type SNR N49B (Dickel & Milne 1998). How-
ever, the radio data of N49B show the lack of such non-
thermal emission generally in the southern regions of the
SNR (Dickel & Milne 1998), particularly in regions cor-
responding to region E (see Section 4). We consider that
the physical origin of this phenomenologically-motivated
PL model component is uncertain, and that the main
results of the Mg-rich ejecta for region E are persistent.
In the following discussion of region E, we assume the
best-fit parameters from our two-component plane shock
model fit with the LMC abundances for metal elements
other than Mg (as presented in Table 1), unless noted
otherwise.
3.2. Central Ejecta and Ambient Gas
We performed a similar spectral analysis of central
Mg-rich ejecta regions. To characterize thermal con-
dition and metal abundance for the central ejecta re-
gion, we extracted X-ray spectra from regions A – D as
marked in Figure 1. We selected these regions to repre-
sent all characteristic subregions showing the strong Mg
line EW, while achieving significant photon count statis-
tics of
∼
>5000 counts per region. We fit these regional
spectra with the NEI plane shock model generally fol-
lowing the method described in Section 3.1. As expected
these regional spectra cannot be fitted by the LMC abun-
dances (χ2ν ∼ 3 – 5) because of the significant discrepancy
between the spectral model and the observed spectrum
for the strong Mg K emission line feature. Varying the
Mg abundance results in statistically acceptable fits (χ2ν
∼ 0.9 – 1.3) for all four regional spectra. We note that,
in contrast to region E, there is no excess emission above
the best-fit model at E
∼
> 2 keV for these central regions.
The best-fit Mg abundance is significantly higher than
the LMC value (by a factor of ∼4–6) for all four regions.
While the LMC abundances for O, Ne, Si, and Fe can ad-
equately fit the observed spectra of these central regions,
for the purposes of statistical comparisons of metal abun-
dances among the central ejecta regions and the shocked
ISM regions, we fitted abundances for O, Ne, Si, and Fe
as well as Mg in this work. As perhaps expected, best-fit
abundances for O, Ne, Si, and Fe are consistent with the
LMC values within statistical uncertainties, except for
the moderately elevated Si abundance in region A (by a
factor of ∼2 above the LMC abundance). We summa-
rize these results in Tables 2 & 3. In Figure 3 we show
the observed spectra (with the best-fit NEI plane shock
model overlaid) for regions A – D.
We extract spectra from thirteen regions (regions 1 –
13 in Figure 1) for which our Mg EW image shows no en-
hancements. X-ray emission in these regions presumably
originates from the shocked ISM with LMC-like abun-
dances (P03). We selected these regions to characteristi-
cally represent bright filaments and faint diffuse regions
(in the broadband image) exterior to the enhanced Mg
EW regions, while achieving significant photon statistics
of
∼
>4000 counts in the 0.4 – 5 keV band. The observed
X-ray spectra of these regions show weak atomic emis-
sion line features for all metal elements in contrast to
regions A – E in which a strong Mg line emission fea-
ture is evident. We show four example regional spectra
from these shocked ISM-dominated regions in Figure 4.
We performed the NEI plane shock model fits to these
regional spectra with all metal abundances fixed at the
LMC values. These model fits are acceptable with χ2ν
∼ 0.8 – 1.4. When we varied metal abundances for O,
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Ne, Mg, Si, and Fe, fits are nearly the same (χ2ν ∼ 0.8 –
1.3) with similar best-fit values for the fitted parameters.
Although these regional spectra can be fitted with metal
abundances fixed at the LMC values, for the purposes
of statistical comparisons with the ejecta-dominated re-
gions, we use the results based on our spectral model fits
with elemental abundances varied in this work.
Region 13 contains very faint outermost filaments in
which we detect only ∼700 counts. Our best-fit NEI
plane shock model fit for this regional spectrum shows
generally similar results to those for other ISM regions.
However, because of significantly poorer photon count
statistics in this regional spectrum, uncertainties on the
best-fit values of the model parameters are large, and the
measurements are less reliable for this region. Thus, we
do not present the quantitative measurements of our fit-
ted spectral model parameters for this region. Regions
5 and 10 also include relatively lower count statistics of
∼2000 counts. Our spectral model fits for these regions
do not allow a unique solution, and result in large un-
certainties on the best-fit values. Spectra from these re-
gions can be equally described by a few different NEI
plane shock model fits after fixing some parameters (e.g.,
NH,LMC and kT ) at the mean values of the neighboring
regions. Since results from those model fits are consis-
tent (within uncertainties), we present average values of
the best-fit parameters between these alternative model
fits for these two regions. These results are in agreement
with those from other shocked ISM regions. We summa-
rize these results in Tables 2 & 3.
4. DISCUSSION
Our spectral analysis of the observed X-ray spectra
for a number of subregions in N49B shows that Mg is
clearly overabundant in regions A – E when compared to
that in ISM-dominated regions (Figure 5). In contrast to
Mg the estimated abundances for other metal elements
(O, Ne, Si, and Fe) are consistent with the LMC values
throughout the entire SNR (Figures 5 & 6). This Mg-
only enhancement is consistently observed for region E
in addition to regions A – D. The electron temperature
and ionization timescale show similar ranges between the
ejecta and ISM regions (probably except for region E,
Figure 7), suggesting that the observed enhancements
in the Mg line EW in N49B are primarily due to the
Mg overabundance. It is remarkable that X-ray emission
from the shocked Mg-rich ejecta gas apparently extends
from the central ejecta regions (regions A – D) out to the
southeastern outermost boundary of the SNR. This ex-
tended Mg-rich ejecta gas is confined in an elongated re-
gion (region E in Figure 1), presumably with a cylindrical
geometry. The Mg abundance in this region is estimated
to be higher than the LMC abundance by a factor of ∼5,
which is consistent with the Mg overabundance detected
in the central regions of this SNR. It is interesting to find
that the Mg-rich ejecta gas in region E shows a signifi-
cantly higher temperature (kT ∼ 1.6 keV) than that of
the central ejecta gas (kT ∼ 0.6 keV) (Figure 7). The
Mg overabundance and high electron temperature in re-
gion E are persistent between the northern and southern
halves of region E (although larger uncertainties are im-
plied for the best-fit values due to lower count statistics
in these half-regions). Thus, region E likely represents
a continuous outflow of the hot Mg-rich ejecta gas chan-
neled from the SNR center to the outermost boundary
of the SNR.
P03 estimated a large mass of the Mg-rich ejecta (
∼
>1
M⊙) for N49B, extrapolating the measured Mg abun-
dance in a small Mg-enhanced region near the SNR cen-
ter (roughly corresponding to the southern half of region
A) to the entire Mg-enhanced region in the SNR center
(a spherical volume with a radius of ∼0.′7). Although
it was a crude approximation, this large Mg mass sug-
gested a very massive progenitor star (M > 25 M⊙) for
N49B (P03). Based on our extensive spectral analysis of
the entire Mg-rich regions, we revisit our Mg ejecta mass
estimate to better constrain it. We estimate the emission
volume for each of regions A – E, and consider their sum
as the total volume of the Mg-enriched regions. At the
distance of d = 50 kpc the projected angular areas corre-
spond to ∼4.8 pc × 11.6 pc, ∼4.8 pc × 9.7 pc, ∼6.3 pc ×
6.3 pc, and ∼4.4 pc × 7.8 pc for regions A, B, C, and D,
respectively. Assuming ∼5 pc (a physical scale similar to
that for the mean of the projected angular sizes of regions
A, B, and D) for the path-length along the line of sight
for these regions, we estimate emission volumes of VA ∼
11.5 × 1057 f cm3, VB ∼ 9.7 × 10
57 f cm3, and VD ∼
7.1 × 1057 f cm3, where f is the X-ray emitting volume
filling factor. Since region C is closer to the center of the
SNR (whose overall geometry is presumed to be roughly
spherical), we assumed a relatively longer path-length of
∼10 pc for region C (a physical scale similar to the ra-
dius of the SNR). Then, we estimate the emission volume
for region C to be VC ∼ 11.7 × 10
57 f cm3. Using the
best-fit EM and Mg abundances (Tables 1 & 2), we esti-
mate the electron density ne ∼ 0.026, 0.031, 0.023, and
0.035 f−
1
2 cm−3 for regions A, B, C, and D, respectively.
Although our estimates for regional emission volumes in-
clude some uncertainties (probably up to by a factor of
a few, depending on the assumed geometry and physical
scales of individual regions), it would not significantly
affect our density estimates because ne ∝ V
1
2 . In these
calculations we assumed all electrons are liberated from
He-like Mg ion (ne ∼ 10nMg, where nMg is the Mg ion
density) for a simple “pure-ejecta” case. Assuming the
dominant isotope 24Mg, the total Mg ejecta mass for re-
gions A – D is MMg = 24 mp nMg V (where mp is the
proton mass and the total volume V = VA + VB + VC
+ VD ∼ 4 × 10
58 f cm3) ∼ 2.4 f
1
2 M⊙. If we assumed
a simple spherical volume (V ∼ 1.3 × 1059 f cm3 for an
angular radius of 0.′7, corresponding to ∼10 pc at d = 50
kpc, as adopted by P03) for the central Mg-rich ejecta
region and the mean Mg ion density of nMg ∼ 0.003 f
−
1
2
cm−3 for regions A – D, a larger mass of MMg ∼ 8 f
1
2
M⊙ is estimated. A conservative lower limit of the ejecta
massM ∼ 0.1 f
1
2 M⊙ may be estimated by replacing the
Mg ion mass with mp for an emission volume of V ∼ 4
× 1058 f cm3.
We estimate the Mg ejecta mass in region E in a simi-
lar method. We assume a cylindrical volume (with ∼2.5
pc in radius and ∼16 pc in length for d = 50 kpc) for this
region based on the apparently elongated morphology in
projection. The estimated emission volume is VE ∼ 8.5 ×
1057 f cm3. Based on the best-fit EM and Mg abundance
for the hard component plane shock model (Table 1), we
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estimate ne ∼ 0.015 f
−
1
2 cm−3 and the Mg mass MMg
∼ 0.26 f
1
2 M⊙ (for the pure-ejecta assumption). This is
∼10% of the total estimated MMg for the entire Mg-rich
ejecta region (regions A – E). For an alternative spectral
modeling of the region E spectrum, in which we fitted the
O, Ne, Si, and Fe abundances in addition to the Mg abun-
dance (see Section 3.1), our estimated Mg ejecta mass is
nearly the same. For the case of the Mg-rich ejecta with
a low temperature in region E (based on a plane shock +
PL model fit, Section 3.1) a larger ne is estimated, and
the implied Mg mass would also be larger (by a factor
of ∼3). Our estimated value for the Mg-rich ejecta mass
for the central ejecta region is generally lower than that
estimated by P03. We note that our estimate is based on
a more extensive regional spectral analysis of the entire
Mg-ejecta region, and thus we conclude our estimate to
be more realistic than the previous value. In fact, even
the lower limit for the estimated Mg ejecta mass by P03
was significantly higher than the largest Mg mass avail-
able in the core-collapse SN nucleosynthesis model calcu-
lations (Thielemann et al. 1996), whereas our new lower
limit is generally in better agreement with model cal-
culations (Thielemann et al. 1996; Nomoto et al. 2006).
Nonetheless, to produce such a large amount of Mg from
a core-collapse explosion of a progenitor star with an
LMC-like metallicity, the progenitor masses of M < 20
M⊙ may be ruled out based on standard SN nucleosyn-
thesis calculations (Nomoto et al. 2006).
The southeastern elongation of the Mg-rich ejecta
might have been caused by a significantly non-uniform
ambient medium, which might have allowed the ejecta
gas to expand into the particular channel in the south-
eastern direction. The consistence in the ejecta com-
position (i.e., Mg-rich) between region E and the cen-
tral ejecta regions (regions A – D) may support this
interpretation. The radio and mid-infrared (MIR)
images of N49B show the lack of interstellar gas
and dust in the south-southeastern regions of N49B
(Dickel & Milne 1998; Williams et al. 2006), generally
corresponding to region E (Figure 8). This coincidence
is more pronounced in the MIR image than in the ra-
dio map. The northeastern and western regions of the
SNR (roughly corresponding to regions A and B, respec-
tively) also show a similarly low MIR emission with a
correspondingly high Mg abundance. This general anti-
correlation between the MIR intensity and the Mg abun-
dance is consistent with this scenario. In this inter-
pretation the ejecta gas in region E might have been
shocked multiple times to a higher temperature than
that of the bulk of the ejecta gas, because it is con-
fined within a relatively small, low-density volume sur-
rounded by a high density medium. X-ray emission
from multi-phase hot gas caused by reheating of the low-
density gas in inter-cloud regions has been proposed for
some other SNRs interacting with clumpy clouds (e.g.,
Hester et al. 1994; Park et al. 2003a). However, it is un-
clear whether the particular geometry and the ambient
density structure of region E and its surrounding regions
would suffice such a condition. A cylindrical geometry
for region E would be effective to secure a small volume
of the low-density gas, and thus for the reheating. The
origin for the formation of such a cylindrical tunnel with
a large scale (∼5 pc × 16 pc) in the ambient medium is
unclear. Although it is less pronounced, the northwest-
ern outer boundary of N49B (roughly corresponding to
region 10) shows a low MIR intensity similar to that in
region E2. A similar extent of the Mg-rich ejecta might
be expected in this region, which is not the case. While
the density-dependence of the radio flux is more complex
than the MIR dust emission, the anti-correlation of the
radio intensity against the Mg abundance is less clear.
Thus, while it is a plausible scenario, this interpretation
remains speculative. Detailed hydrodynamic simulations
would be necessary to test this non-uniform medium in-
terpretation for the observed elongated morphology of
the hot Mg-rich ejecta in N49B.
Considering that a relatively high explosion en-
ergy (E0 ∼ 4 × 10
51 erg) was estimated for
N49B (Hughes et al. 1998) (albeit this E0 might
have been somewhat overestimated as discussed by
those authors), we entertain an alternative scenario
for the origin of the elongated Mg-rich ejecta in
this SNR. Core-collapse SN explosions are consid-
ered to be more asymmetric than Type Ia ther-
monuclear SN, and such asymmetric explosions may
be imprinted in their SNRs (e.g., Lopez et al. 2014;
Gonza´lez-Casanova et al. 2014). Models for SN ex-
plosions driven by an energetic jet (powered by ac-
cretion onto the central compact remnant, Maeda &
Nomoto 2003) is particularly intriguing. This jet-driven
SNR scenario has been argued for to explain the ob-
served elongated X-ray morphology of the metal-rich
ejecta in the Galactic SNR W49B (Keohane et al. 2007;
Lopez et al. 2013; Gonza´lez-Casanova et al. 2014) and
the SNR 0104–72.3 in the Small Magellanic Cloud
(Lopez et al. 2014). The elongated morphology for the
southeastern metal-rich ejecta in N49B is generally con-
sistent with the fossil of the jet-like outflow similar to
those seen in W49B and 0104–72.3. The estimated ejecta
mass fraction (∼10% of the total ejecta) is also consis-
tent with that predicted by the jet-driven SN models
(Maeda & Nomoto 2003). However, the elongated ejecta
emission in N49B is enriched in Mg in contrast to the
Fe-rich ejecta found in W49B (Lopez et al. 2013) and
0104–72.3 (Lee et al. 2011; Lopez et al. 2014). In fact,
the jet-driven SN models predict Fe- and Ni-rich (created
in the deepest core of the SN) outflows, while lighter
metals such as O, Ne, and Mg would show lower ex-
pansion velocities, and thus would likely be located near
the central regions of the SNR (Maeda & Nomoto 2003).
Formation of an energetic bi-polar outflow from the
accretion onto the central compact remnant (probably
a black hole) is expected in the jet-driven explosion
(Maeda & Nomoto 2003). If region E in N49B were the
relic of a jet-like ejecta outflow toward the southeast,
one may expect a similar structure on the opposite side
of the SNR. We find no clear evidence for such a counter
ejecta outflow toward the northwestern outer boundary
of N49B (Figure 1b): i.e., the likely location for such
a feature would be region 10 in which metal overabun-
dance is not detected. Thus, alhough it may not be ruled
out, the interpretation as a jet-driven SN for the origin
of N49B is in question. Nonetheless, we note that the
central compact remnant has not been detected in N49B
2 This is more evident in the 24µm Spitzer image as shown in
Figure 1 of Williams et al. (2006).
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(P03). The estimated upper limit (3σ) on the X-ray lu-
minosity (in the 0.5 – 5 keV band) for the putative com-
pact remnant is LX ∼ 2 × 10
33 erg s−1 (P03). Although
this luminosity upper limit is not particularly constrain-
ing (which still allows a non-detection of a normal neu-
tron star due to a long distance to the LMC), it is not
inconsistent with the creation of a black hole from a jet-
driven SN explosion of a very massive star.
With the currently available data the origin of the elon-
gated Mg-rich ejecta in SNR N49B remains elusive. Fur-
ther observational and theoretical studies are needed to
help answer the fundamental questions related to this
peculiar core-collapse SNR: Why is the metal-rich ejecta
in this SNR enriched only in Mg, and what caused the
southeastern elongation of the observed Mg-rich ejecta?
Deep high-resolution X-ray observations would be neces-
sary to study the detailed spatial and spectral structures
of the Mg-rich ejecta in N49B and thus its origin, partic-
ularly to reveal the true nature of the hard component
emission in region E. Deep high-resolution radio and IR
observations would be needed to study the detailed am-
bient structure to help unveil the origin of the southeast-
ern extent of the Mg-rich ejecta. Such deep observations
would also help to place observational constraints on the
nature of the central compact remnant created in N49B,
which is essential to understanding of the observational
properties of this peculiar core-collapse SNR.
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Table 1
Results from two-component NEI shock model fit for Region E
Spectrum
NH,LMC
a kT τ Mg EM
(1021 cm−2) (keV) (1011 cm−3 s) (solar) (1058 cm−3)
Soft 2.7+0.3
−0.2 0.27±0.01 >50.0 0.20 (fixed
b) 12.2+1.6
−1.0
Hard 2.7+0.3
−0.2 1.55
+0.19
−0.18 0.6
+0.2
−0.2 0.93
+0.17
−0.13 0.5±0.1
Note. — 1σ errors are shown. χ2/ν = 85.1/84.
a A common NH,LMC for both of the soft and hard components
is assumed.
b The Mg abundance for the soft component as well as O, Ne, Si,
S, and Fe abundances for both components are fixed at the LMC
values (Schenck et al. 2016).
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Table 2
Spectral Parameters from NEI shock model fits for Regional
Spectra of N49B
Regions NH,LMC kT τ EM χ
2/ν
(1021 cm−2) (keV) (1011 cm−3 s) (1058 cm−3)
A 1.4+0.6
−0.8 0.52
+0.10
−0.06 2.0
+1.1
−0.7 2.0
+1.1
−0.9 85.0/68
B 2.7+0.8
−0.6 0.66
+0.13
−0.09 1.1
+0.4
−0.3 2.1
+1.2
−0.8 81.8/75
C 2.0+0.9
−0.6 0.75
+0.23
−0.18 0.8
+0.5
−0.2 1.4
+1.7
−0.7 100.6/76
D 2.5+0.7
−0.4 0.55
+0.08
−0.07 2.2
+0.8
−0.6 3.1
+1.8
−1.2 70.0/74
1 1.7+0.5
−0.4 0.58
+0.08
−0.10 3.5
+1.2
−0.9 2.2
+1.4
−0.6 74.2/70
2 3.9+1.0
−0.6 0.46
+0.06
−0.10 3.4
+6.5
−1.1 4.6
+5.6
−1.4 59.5/62
3 1.8+0.8
−0.5 0.59
+0.07
−0.11 2.6
+1.3
−0.8 1.8
+1.5
−0.6 48.8/62
4 2.9±0.5 0.78+0.20
−0.13 1.0
+0.4
−0.3 1.4
+0.7
−0.5 71.9/63
5 1.8+0.5
−0.6 0.55
+0.12
−0.08 1.6
+1.1
−0.7 1.1±0.4 59.2/49
6 1.2+0.6
−0.4 0.47
+0.05
−0.06 3.9
+1.6
−1.2 4.7
+2.6
−1.4 93.2/73
7 2.3+0.5
−0.6 0.41
+0.10
−0.06 5.1
+4.8
−2.1 4.4
+3.4
−2.2 73.8/59
8 1.1+0.6
−0.3 0.51
+0.11
−0.07 1.9
+0.8
−0.6 2.8
+1.6
−1.2 46.9/65
9 1.5+0.4
−0.5 0.64
+0.08
−0.06 1.5
+0.6
−0.4 2.7
+0.8
−0.7 79.3/74
10 1.6 (fixeda) 0.44+0.06
−0.09 2.4
+5.9
−0.9 1.5
+1.0
−0.4 44.4/44
11 3.5+1.0
−0.6 0.47
+0.08
−0.10 2.8
+3.0
−0.8 5.7
+7.2
−2.1 95.5/70
12 2.1+0.5
−0.4 0.52
+0.0.08
−0.06 2.2
+0.9
−0.5 3.4
+1.7
−1.2 71.3/67
Note. — 1σ errors are shown.
a NH,LMC for region 10 is not constrained and we fix it at the
mean value of nearby regions 8 and 12.
Table 3
Best-Fit Metal Abundances for Regional Spectra of N49B
Regions Oa Nea Mga Sia Fea
A 0.14+0.0.08
−0.04 0.25
+0.11
−0.05 0.95
+0.28
−0.15 0.63
+0.23
−0.14 0.16
+0.06
−0.04
B 0.17+0.05
−0.04 0.22±0.04 1.11
+0.16
−0.19 0.29
+0.09
−0.08 0.13
+0.05
−0.04
C 0.19+0.10
−0.07 0.22
+0.04
−0.03 1.16
+0.19
−0.13 0.19
+0.08
−0.07 0.21
+0.18
−0.08
D 0.11+0.04
−0.03 0.21
+0.05
−0.04 0.74
+0.13
−0.09 0.31
+0.09
−0.08 0.14
+0.07
−0.03
1 0.24+0.13
−0.07 0.35
+0.08
−0.07 0.28
+0.04
−0.07 0.37
+0.11
−0.09 0.14
+0.07
−0.05
2 0.09±0.03 0.16+0.04
−0.03 0.20
+0.05
−0.04 0.35
+0.10
−0.09 0.06±0.02
3 0.16+0.11
−0.06 0.27
+0.06
−0.05 0.30
+0.07
−0.06 0.34
+0.12
−0.10 0.19
+0.09
−0.05
4 0.15+0.04
−0.03 0.27
+0.05
−0.04 0.20
+0.05
−0.04 0.18
+0.08
−0.07 0.11
+0.06
−0.03
5 0.13+0.04
−0.03 0.26
+0.09
−0.05 0.29
+0.11
−0.08 0.21
+0.16
−0.14 0.12
+0.06
−0.03
6 0.09+0.04
−0.03 0.17
+0.03
−0.05 0.21
+0.05
−0.04 0.19
+0.07
−0.06 0.11
+0.01
−0.02
7 0.12±0.03 0.22+0.06
−0.04 0.20
+0.06
−0.05 0.41
+0.13
−0.11 0.10
+0.02
−0.01
8 0.14+0.04
−0.03 0.26±0.04 0.21±0.05 0.14
+0.08
−0.07 0.14
+0.02
−0.04
9 0.14+0.04
−0.03 0.21
+0.04
−0.03 0.22
+0.05
−0.04 0.25
+0.07
−0.06 0.18
+0.05
−0.03
10 0.11±0.02 0.20±0.04 0.22+0.08
−0.07 0.24
+0.16
−0.13 0.08±0.02
11 0.10+0.01
−0.03 0.18
+0.04
−0.02 0.16
+0.04
−0.03 0.18±0.06 0.10
+0.03
−0.02
12 0.10+0.03
−0.02 0.22
+0.04
−0.03 0.18
+0.05
−0.04 0.23
+0.08
−0.06 0.14
+0.05
−0.03
Note. — 1σ errors are shown.
a Abundances are with respect to solar value
(Anders & Grevesse 1989).
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Figure 1. (a) A broadband grey-scale Chandra ACIS image of
N49B. The image has been binned by ∼1′′ × 1′′ pixels. (b) A
false-color Mg line EW image of N49B. To create this map we used
the ACIS subband images (see the text) with the original pixel size
(0.′′492), and adaptively smoothed them for the purposes of display.
In (a) and (b), regions of our spectral analysis are overlaid.
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Figure 2. The ACIS spectrum extracted from region E (as
marked in Figure 1). The best-fit two-component plane-shock
model (solid curve) is overlaid. The soft (dotted) and hard (dashed)
components of the best-fit plane shock model are overlaid. The
bottom plot shows residuals from the best-fit model.
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Figure 3. The ACIS spectra extracted from Mg-overabundant
regions (regions A, B, C, and D, as marked in Figure 1). The best-
fit plane-shock model is overlaid in each panel. In each panel the
bottom plot shows residuals from the best-fit model.
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Figure 4. Four example ACIS spectra extracted from shocked
ISM regions (regions 1, 2, 3, and 4, as marked in Figure 1). The
best-fit plane-shock model is overlaid in each panel. In each panel
the bottom plot shows residuals from the best-fit model.
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Figure 5. Comparisons of Mg abundance with those of O, Ne,
Si, and Fe for sub-regions of N49B. Black filled circles are regions
A – D. The red filled circle shows the hard component of region
E. Open circles are regions 1 – 12. The blue square is the LMC
abundance (Schenck et al. 2016).
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Figure 6. Comparisons of measured elemental abundances (ex-
cept for Mg) for sub-regions of N49B. Black filled circles are regions
A – D, and open circles are regions 1 – 12. The blue square is the
LMC abundance (Schenck et al. 2016). The LMC abundances are
assumed for region E (see the text).
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Figure 7. Comparisons of Mg abundance with electron tempera-
ture and ionization timescale for sub-regions of N49B. Black filled
circles are regions A – D. The red filled circle is the hard component
of region E. Open circles are regions 1 – 12.
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Figure 8. (a) A grey-scale ATCA 20 cm image of N49B. The
angular resolution (half-power beamwidth) is circular 6′′. (b) A
grey-scale 22 µm image of N49B from the public archive of the
WISE all-sky survey data. The angular resolution is 12′′. In (a)
and (b) contours of the 0.3 – 3.0 keV ACIS image of N49B are
overlaid to show the outer boundary of the SNR in the X-ray band.
Region E is marked in (a) and (b).
